Abstract: Polymerization shrinkage stress of resin-based materials have been related to several unwanted clinical consequences, such as enamel crack propagation, cusp deflection, marginal and internal gaps, and decreased bond strength. Despite the absence of strong evidence relating polymerization shrinkage to secondary caries or fracture of posterior teeth, shrinkage stress has been associated with postoperative sensitivity and marginal stain. The latter is often erroneously used as a criterion for replacement of composite restorations. Therefore, an indirect correlation can emerge between shrinkage stress and the longevity of composite restorations or resin-bonded ceramic restorations. The relationship between shrinkage and stress can be best studied in laboratory experiments and a combination of various methodologies. The objective of this review article is to discuss the concept and consequences of polymerization shrinkage and shrinkage stress of composite resins and resin cements. Literature relating to polymerization shrinkage and shrinkage stress generation, research methodologies, and contributing factors are selected and reviewed. Clinical techniques that could reduce shrinkage stress and new developments on low-shrink dental materials are also discussed.
Introduction
The bonding strategies associated with esthetic and conservative properties of resin materials have increased their popularity in restorative dentistry. 1 Direct composite restorations are one of the most prevalent medical interventions in the human body, with more than five hundred million composite restorations placed every year around the world. 2 When indirect restorations are recommended, esthetic onlays and crowns bonded with resin cement are the first option. 3 The optimal performance of all these direct and indirect restorations depend on proper polymerization of the resin component, which is characterized by transforming monomers into polymers, which is accompanied by volumetric reduction of the material. 4 A polymer occupies less volume than the monomers, the effect of which is well known as polymerization shrinkage. During polymerization the distance between monomer chains is reduced when the weak van der Waals Carlos José SOARES (a) André Luis FARIA-E-SILVA (b) Monise de Paula RODRIGUES (a) Andomar Bruno Fernandes VILELA (a) Carmem Silvia PFEIFER (c) Daranee TANTBIROJN (d) Antheunis VERSLUIS (e) Declaration of Interest: The authors certify that they have no commercial or associative interest that represents a conflict of interest in connection with the manuscript.
Braz. Oral Res. 2017;31(suppl):e62 forces are converted into covalent bonds. 5 A gradual increase in viscosity of the resin material also occurs during the conversion, resulting in loss of its fluidity (gel-point) and flowing ability (vitrification). 4 Prior to vitrification, these materials are able to flow and partially relieve stresses. After the polymerizing material looses its ability to flow, its elastic properties increase and, consequently, any restraints on the polymerization shrinkage (for example by the bonding between restoration and tooth structure) will generate residual shrinkage stresses. 6, 7, 8, 9 Despite various developments in new restorative materials over the last years, drawbacks related to polymerization shrinkage of composites and resin cements remain a clinical problem. 1, 10, 11 Typically, dental composites used in restorative procedures exhibit volumetric shrinkage ranging from less than 1% up to 6%, depending on the formulation and curing conditions. 1, 10, 12 Resin cements exhibit at least similar or even higher polymerization shrinkage values. 11, 13 A consequence of shrinkage stress can be debonding along the restoration/tooth interface or at the restoration margins, resulting in internal and marginal gaps, micro-cracking of either or both the restorative material and tooth structure, marginal stain cuspal movement (Figures 1 and 2) . 6, 7, 8, 9, 10, 11 When indirect restorations are cemented to a vital tooth, polymerization shrinkage may result in postoperative sensitivity or marginal debonding that contributes to marginal staining, 11 which is often erroneously used as a criterion for replacement of indirect and direct composite restorations ( Figure 2C ).
Several experimental methods have been developed to measure polymerization shrinkage of composites and resin cements. Most methodologies record total shrinkage, which include both pre-and post-gel shrinkage. In contrast, the strain gauge technique was proposed to isolate the post-gel shrinkage, which is more directly related to shrinkage stress development. Experimentally, the effects of polymerization shrinkage and shrinkage stress can be studied by a method such as micro-CT to measure internal gaps, while forces exerted by polymerization shrinkage can be measured using load cells. Shrinkage stress itself, however, cannot be measured directly because it is not a material property or physical response but a calculated engineering factor that 
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expresses the state within a material depending on local deformation and material properties. 6 Shrinkage stress and stress distribution can be calculated using finite element analysis. 6 The development of new resinous materials and the inevitable clinical signs and symptoms associated with polymerization shrinkage make this topic an important issue for clinicians and researchers. Therefore, this review article will focus on polymerization shrinkage, polymerization stress, their consequences, strategies used by companies and clinicians to minimize the effects, starting with discussion of a selection of methodologies that are used for shrinkage measurements.
Methodology Methods for measuring shrinkage
Methods aimed at measuring volumetric changes during polymerization can be divided into those that measure total shrinkage and those that measure post-gel shrinkage ( Figure 3 ). During polymerization, a resin transitions from a viscous liquid into a viscoelastic solid. The point at which the resin starts to develop elastic properties is defined as the gel-point, which corresponds with the point observed in polymer science where the insoluble polymer fraction starts to form. 4 As polymerization proceeds beyond the gelpoint, vitrification is the point where the resin can be considered a solid. Depending on the restraints placed on shrinkage movements, stress can develop at any time during the polymerization reaction, but residual stresses only develop after development of elastic properties. Thus, the portion of the total shrinkage that causes residual stresses is defined as the post-gel shrinkage. Many methods have been developed to measure polymerization shrinkage of composites. These include water and mercury dilatometers 14 transducer methods, 15 and optical methods. 16 Methods for measuring shrinkage stress and its effects
Methods described in the previous section aim to record total shrinkage, which includes both pre-and post-gel shrinkage. While useful for evaluating the volumetric changes resulting from polymerization, 
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To measure the effect of the polymerization shrinkage on surrounding structures, other methods have been used, such as photoelastic analysis, 18 shrinkage force via load cells, 19, 20 and cuspal deflection. 8, 10, 21 Shrinkage stresses have also been analyzed using finite element methods 9, 11, 12, 22 and enamel crack tracking. 10, 23 Since different testing methods provide different information about shrinkage stress development, a more complete picture of the complex interactions during the polymerization process is likely obtained by a combination of different tests.
Post-gel shrinkage using strain gauge
A simple method to determine the post-gel shrinkage was developed by Sakaguchi et al. 17 using a strain gauge technique. In this approach, a standardized volume of the material is placed on top of a (biaxial) strain gauge and shaped into a hemisphere approximately 1.5 mm high and 3-4 mm wide ( Figure 3A) . The strain gauges are connected in a quarter-bridge circuit with an internal reference resistance. A strain conditioner converts electrical resistance changes in the strain gauge into voltage changes, which are related to strains caused by the polymerization shrinkage. Since it takes some resin rigidity to cause the strain gauge deformation (strain), the measured strain is a post-gel shrinkage value. Just like strain, shrinkage is defined as the change in dimension (or volume) divided by the original dimension (or original volume). The linear strain value can be converted to percentage volumetric shrinkage by multiplying it by 300%.
The strain output recorded during a post-gel shrinkage test results from at least three events: a. polymerization shrinkage of the composite; b. thermal expansion of the composite and strain gauge from heat generated by the polymerization exotherm; and c. thermal expansion of the composite and strain gauge from heat generated by the curing light. 17 The thermal effect does not need to be considered when reporting the steady state strain after the heat has dissipated. However, the thermal effect does modify the shrinkage curve, particularly during the time when the material is exposed to the curing light. The thermal expansion due to the curing light could be eliminated by measuring the expansion of the cured resins and subtracting it from the original shrinkage curve, although it is likely that thermal effects from the curing light are also present under clinical conditions. This strain gauge method has been used for measuring the post-gel shrinkage of traditional composite resins, 9,12,17 flowable composite resins, 24, 25, 26 bulk fill composite resins, 10 and resin cements. 7, 11 One limitation of this method is measuring highly flowable materials, because of the difficulty placing and maintaining samples with sufficient thickness on the strain gauge.
Bioman method for measuring shrinkage force
Watts et al. 20 developed an apparatus designed specifically to measure polymerization shrinkage forces of light-cured dental composites ( Figure 3B ). The 'Bioman shrinkage-stress' instrument is based on a cantilever load-cell fitted with a rigid integral clamp. A circular steel rod with 10 mm diameter is held at one end of the apparatus, while the counterface is a removable glass plate. The distance between the glass plate and steel rod is adjusted (usually ranging from 0.8 to 1.2 mm) to determine the C-factor required for the experimental design. Prior to the experiments, the opposing surfaces of the glass and steel rod are sandblasted and/or silanated to allow proper bonding of composite which is inserted between these two surfaces. The light-activation of composite is performed through the lower glass plate. The rationale of this apparatus is that the shrinkage of composite causes slight displacement of the free end of the cantilever. The load signal emitted from cantilever load cell is recorded in realtime by a computer and a stress value is obtained by dividing the load by the disk area. A Bioman instrument has been used to determine kinetics of the effect of variations in filler particle size and shape. 27 This method has been also used for characterizing new formulations of composite resins. 28 
Crack propagation in a glass cavity
This method is based on measuring the residual stress in a bonding substrate by using the increase in length of indentation cracks performed at the margin of a filled glass cavity. 29, 30 The cavity is prepared in glass-ceramic rods or soda-lime glass discs, materials with elastic modulus and fracture toughness similar to human enamel. After calculating the stress at the crack site and the distance between the indentation and cavity margin, radial tensile stresses are calculated at the bonded interface. 25, 29, 30 Crack analysis has been used to calculate residual stresses produced by different photo activation methods 29 and at different distances from the restoration margin. 30 Braga et al., 25 demonstrated that this method was effective for ranking composites according to their polymerization stress development. A limitation of this method is the recommended distance between the cavity limit and the indentation required to avoid chipping of the cavity edge during indentation. 29 This method for calculating the stresses is a relatively simple technique requiring a conventional hardness tester. The method has clinical relevance for investigating enamel cracks near the margins and the formation of contraction gaps. 29 
Optical method
Tantbirojn et al. 16 developed a new method using optical measurement in which the projected surface area of a sample is measured from images captured by a stereomicroscope using image analysis ( Figure 3C ). In the optical method, an uncured composite sample is placed on a nonstick silicone surface under a stereomicroscope. An image is taken before and after light-activation at the same magnification. Using image analysis software, the sample outlines before and after polymerization are determined, from which the change in projected surface area and hence free (unconstrained) polymerization shrinkage can be calculated. This method is simple, and can also be used to study long-term volumetric changes, such as the gradual compensation of polymerization shrinkage by hygroscopic expansion in humid environments. 31 This method measures free shrinkage and is therefore less affected by specimen shape than shrinkage measurement methods that require specimen fixation.
Universal Testing Machine method
The universal testing machine method involves the use of steel, glass, or plastic rods connected to a load cell of a universal testing machine. 19, 32, 33 The distance between the upper and lower rods is standardized and the composite resin is inserted and light activated. An extensometer records changes in distance between the rods and a shrinkage stress is calculated by dividing the axial force measured by the load cell by the bonded area ( Figure 3D ). The rod type, for example, steel or glass, has a significant influence on the results because they alter the compliance of the system. 19 Gonçalves et al. 33 compared four different methods for calculating shrinkage stress, including the Bioman and universal testing machine, showed that both systems were in good agreement. However, the authors highlighted that direct comparison of polymerization stress data derived from different testing systems is not recommended.
Cusp deflection
Polymerization shrinkage can cause cuspal flexure, which is a detectable indication of the influence of internal stresses that are generated by the tooth substrate resisting shrinkage movement. 21, 22 The amount of cuspal flexure depends on the bonding interface quality, 8 remaining tooth structure, 34 and temperature and humidity. 35 Cusp deflection can be measured using various methods, for example strain gauges ( Figure 4A ), which measure strains (deformation) at the external cuspal surfaces. 8, 9, 10, 35 Another simple method is the use of a digital micrometer to measure the distance between cusp tips before and after restoration. 36 Cuspal flexure has also been measured using 3D scanning techniques. Using an optical scanner, the 3D surfaces of prepared and restored teeth were accurately aligned with dedicated software using stainless steel references. 21, 22, 37 The amount of cuspal flexure was calculated from differences between the surfaces of the prepared and restored teeth. This method has also been used to measure how shrinkage deformation evolves over time, including the effect of hygroscopic expansion. 37 Recently, cusp deflection was measured using micro-CT scans of prepared and restored teeth. Since CT-scans also collect information about the internal structure of a restored tooth, it offers additional data for studying shrinkage stress. Both methods, using micro-CT or optical scanner, have high accuracy and measure the deformation in three dimensions over the whole tooth volume simultaneously.
Enamel crack tracking
Crack propagation has been associated with shrinkage stress and the resulting cusp deflection. Shrinkage induced enamel micro fracture reportedly occurs immediately after polymerization. 10 Another study reported a fracture line (enamel crack) in the cusp after a large MOD restoration was placed.
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The fracture line corresponded with an area expected to have a relatively high cuspal strain. To detect the presence of enamel cracks in buccal and lingual cusps a transillumination technique can be used. In this technique, a tooth is transilluminated when intact, after cavity preparation and after restoration. Images of the sample are captured at ×1.5 magnification under standardized conditions using a digital camera with 105 mm macro lens ( Figure 4B ). The use of high intensity and focused LED light is recommended to properly perform the transillumination. Calibrated and blinded evaluators should carry out the evaluation of crack propagation. Enamel cracks can be characterized by the following ranking: (I) no cracks visible, (II) visible cracks smaller than 3 mm, and (III) visible cracks larger than 3 mm. 10, 23 Recently the method was further improved by measuring the crack size and determining its location to better explain the shrinkage effects. This method can also be used for analysis of the effects of resin cementation of ceramic restorations.
Finite Element Analysis (FEA)
Finite element analysis (FEA) has become a valuable tool when examining the magnitude and distribution of shrinkage stresses. 9, 11, 12, 22 To calculate residual shrinkage stress in a tooth, a two-dimensional or Shrinkage can be simulated in a finite element analysis using thermal analogy, because finite element software usually does not offer a dedicated 'shrinkage' option. Reducing the temperature for the simulated composite material will cause contraction, which can be scaled using the coefficient of thermal expansion to match the experimentally determined polymerization shrinkage values. 12, 40 Since the finite element program will determine the three-dimensional effects, linear shrinkage values can be entered as the coefficient of thermal expansion in combination with a 1 o C drop in prescribed temperature. For shrinkage stress development it is important to apply the post-gel shrinkage value because total shrinkage values would contain the contraction component that does not cause shrinkage stress and would therefore overestimate the residual shrinkage stresses. Any FEA software program that includes options for thermal effects, such as Ansys (Ansys Inc, Canonsburg, PA, USA) or MSC.Marc (MSC Software Corporation, Santa Ana, CA, USA), should be able to simulate basic polymerization shrinkage. We used MSC.Marc in our research.
Clinical techniques and their effect of shrinkage stress Composite insertion technique
Traditionally, for direct restorations, clinicians have inserted composite material incrementally because it was assumed to reduce shrinkage stresses while achieving proper polymerization. 10, 41 A popular approach is to restore a cavity in oblique increments to avoid bonding to opposite walls. This technique has been suggested to result in less cuspal flexure compared to a single increment based on tests carried out with aluminum blocks. 42 The concept of oblique incrementation is based on a theory that the ratio of bonded and unbonded restoration surfaces ('C-factor') determines the shrinkage stress. 43 According to this theory, reducing the C-factor and producing one cusp deflection at a time would alleviate shrinkage stress. 42 However, the C-factor concept is too simplistic to predict shrinkage stresses. Although the first increments can be inserted without bonding to the opposite walls, cuspal flexure is not avoided. Since each increment causes inward deformation of the cavity, increasing the number of increments used to fill a cavity results in higher cumulative cuspal deformation and thus stress. 8, 9 Moreover, subsequent layers of composite are required to fill the cavity, and eventually will bond to all walls. 8 Thus, significant shrinkage stress in the tooth structure and along the bonded interfaces are still expected. Actually, placing composite in oblique increments causes stresses that can be even higher than would be obtained with a single increment fill (bulk filling). 8, 9, 41 It is important to emphasize that regardless of the shrinkage stress, proper polymerization throughout a conventional composite depth is difficult to obtain when the material is light cured in a single increment. 8 Reducing the conversion of composite would likely result in reduced stress due to lower volumetric shrinkage, but comes at the expense of the material properties.
Another variation on incremental insertion is using horizontal increments. 12 A finite element analysis of a pre molar restoration using either oblique or horizontal increments found that using oblique increments produced lower residual shrinkage stress along the enamel/composite interface, while they were higher along the dentin/composite interface. 12 Increments of 2 mm thickness seem to produce proper mechanical properties without increasing the residual shrinkage stress. Note also that unnecessarily increasing the number of increments could lead to a higher chance of incorporating voids and porosity.
Modifying the light-activation protocol
Modifying light-activation protocols, such as soft-start and pulse delay, have been advocated as an approach to reduce the shrinkage stress while maintaining proper degree of conversion of composite. 44 The rationale is that starting the polymerization with low intensity (usually around 100 mw/cm 2 ) produces a reduced amount of free-radicals with a slower polymerization, delaying the vitrification point of composite. 45 The polymer vitrification occurs when the viscosity reaches high value, reducing the ability of a material to relieve stresses generated by the shrinkage. 4 Thus, techniques used to modulate the light-activation are based on the concept that delaying the composite vitrification allows more relief of shrinkage stress by prolonging the period that composite can flow. For soft-start curing, the light-activation begins with a low irradiance for around 10 seconds followed by increased irradiance for the remaining period of light-activation to complete the polymerization process. 44, 45 Another tech n ique, pulse delay protocol, is usually recommended only for the last increment and consists of light-activation with a low irradiance for shorter duration (such as 3 or 5 seconds) followed by a prolonged waiting period (approximately 5 minutes) before a final curing. 44 This delay period allows stress relief to occur before the final light-curing with higher irradiance. Several laboratory studies have demonstrated improvements in marginal integrity of restorations using these protocols to modify light-activation without compromising mechanical properties of composites. 44, 45 Based on this concept, many light-curing units offer alternative regimens to emit light on pulsatile, ramp or soft-start modes.
On the other hand, these modified light-activation protocols may have limitations. Using low irradiance generates few chain growth centers during the polymerization reaction and results in more linear polymeric chains; which are more prone to degradation. 46 Moreover, slower polymerization reaction might produce polymers with lower elastic modulus than those obtained under high irradiance. This lower elastic modulus may contribute to a reduction in shrinkage stress, but may increase the risk of failure under loading if accompanied with lower strength properties. 47 An interesting study used an experimental set-up that allowed real-time measurement, within the same specimen, of shrinkage force development and conversion, which was used to compare light-activation with the soft-start, pulse-delay and continuous modes. 48 The study reported that the reduction in shrinkage forces for soft-start and pulse delay modes was strongly affected by the lower conversion of composite. Moreover, more than 70% of the overall shrinkage force was generated after the composite reached the last 15% of conversion. This study also reported that the continuous irradiance resulted in lower shrinkage forces than the other modes at the same conversion, and suggested that a significant reduction in stress could only be reached by delaying the vitrification point. There is thus no consensus in the literature about the benefits of different light application protocols and little clinical data is available to show if such protocols provide significant benefits under clinical conditions. In one randomized prospective clinical study, for a 7-year follow-up, composite restorations cured with the soft-start or pulse delay protocol had failure rates of 27.9% and 24.4%, respectively; while light-activating the composite with continuous irradiance resulted in failure rates of 17%. 49 
Stress absorbing intermediate layer
Besides volumetric shrinkage, shrinkage stress is also related to the elastic modulus of a material because a less rigid material (low modulus) has increased strain capacity. 50 Based on this assumption, using a material with low elastic modulus as an intermediate layer under the composite have been advocated to reduce the shrinkage stress in a concept called 'elastic cavity wall'. 50, 51 Several studies have evaluated the use of thicker adhesive layers (usually non-solvated adhesives), glass ionomers, or flowable composites as a stress-absorbing layer. 50, 51, 52, 53, 54 Flowable composites usually contain 20 to 25% less fillers than composites with regular viscosity, which reduces their elastic modulus close to those of resin-modified glass ionomers. However, reducing filler content of flowable composites means increasing the ratio of the resin matrix. Therefore the ability to deform and accommodate shrinkage stress could be offset by increasing volumetric shrinkage due to the higher resin matrix ratio. 55 Although clinical evidence is limited, experimental studies demonstrated significant reduction in marginal leakage or improved marginal integrity using thicker adhesive layers, 53 glass ionomer, 52 or flowable composites 54 as intermediate layer under composite restorations. Reduction of cusp deflection was also reported when flowable composite 54 or glass ionomer 56 was placed under a composite with regular viscosity, although reduction in shrinkage stress was not apparent. 51 Braga et al. 50 reported that the effect of flowable composites as intermediate layer on stress reduction is limited and depends on the elastic modulus of lining material; while an indirect correlation between stress reduction and elastic modulus was observed. Clinical trial of placing a flowable composite as an intermediate layer did not exhibit a positive outcome, 57 while using glass ionomer under a composite restoration increased the risk of restoration fractures. 58 It is critical to emphasize that placement of glass ionomer liners as pulp protection material in deep cavities is still indicated. 59 
Use of Bulk Fill composite
Incremental filling is time-consuming because multiple increments must be inserted and individually light-cured. Simple approaches are preferred by clinicians not only to save time but also to reduce potential for errors. Recently, the concept of bulk-fill composites was introduced, claiming that they could be light-activated in increments of up to 5-mm deep without compromising cure and while generating shrinkage stresses similar to those observed with traditional incrementally placed composites. The mechanisms used to achieve deeper polymerization and reduced stress are different among the bulk-fill composite manufacturers. Some manufacturers achieve deeper polymerization by using additional or more efficient photoinitiators such as bis-(4-methoxybenzoyl)diethyl-germane (Ivocerin). 60 Others focus on increasing light transmission through the composites. The presence of pigments and refractive index mismatch between the organic matrix and fillers are the main factors causing reduction in light-transmission. 61 Besides using fillers and monomers with similar refractive index, reducing filler content is another approach to increase the light-transmission and allow the polymerization at greater depths. 62 However, lower filler content results in composite with lower mechanical properties, thus an additional increment of a regular viscosity composite is required to restore the occlusal surface. 63 The advantages of flowable bulk-fill composite is improved adaptation to cavity walls and reduced shrinkage stress due to its lower elastic modulus. 5 Reduction of shrinkage stress is another important claim for this new generation of bulk-fill composites. In fact, most bulk-fill composites available in the market did not represent any significant modification in monomeric composition. 64 Among the bulk-fill composites with modifications to the organic matrix are addition of low-shrink or higher molecular weight monomers or stress-relieving additives. 65 It was demonstrated that bulk-fill composites had reduced post-gel shrinkage and that restorations with bulk-fill composites had reduced cuspal deformation and shrinkage stress, and that the fracture resistance increased when compared with incrementally filled teeth. 10 Clinically, few trials evaluating restorations with bulk-fill composites are available yet because these materials were only recently introduced. However, some early studies have demonstrated proper clinical behavior after 3 and 5-year. 66, 67 It is important to emphasize that differences in strategies adopted by manufactures to obtain bulk-fill composites affect the behavior of these materials regarding depth of polymerization and generation of shrinkage stress and therefore results observed cannot be extrapolated to all materials that are classified by their manufacturer as bulk-fill.
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Delayed light-activation of dual-cure cements Dual-cure resin cements are largely used to lute indirect restorations or fiber posts because they were designed to provide proper working time and curing, even in the absence of adequate light-activated polymerization. However, these advantages are not fully achieved and dual-cure cements usually require additional light-activation to achieve the desired mechanical properties, conversion, and bond strength. 7, 68, 69 During the cementation of thick indirect restorations or fiber posts, the amount of light reaching the cement is significantly reduced due to light scattering, yet the light-curing procedure is important to stabilize the restoration/post during the first few minutes of the adhesive cementation process. 70 In order to streamline the luting procedure, clinicians commonly light-activate dual-cured cements immediately after the placement of restoration/post and removal of the cement excess. However, the chemically activated polymerization reaction is hindered due to the fast increase in cement viscosity induced by the light-activation. In contrary, the slower chemically activated reaction is desired because it could be useful for reducing the shrinkage stress. 47 A simple and practical strategy to reduce the shrinkage stress is to delay the moment that the light-activation is started. 7, 11, 13 Delaying the light-activation allows polymer conversion to begin and progress at a slower pace to enhance stress relief as discussed previously. It has been demonstrated that a delay time of 3 or 5 minutes prior to light-activation of dual-cured cements can reduce the shrinkage stress and improve the bond strength 7 without significantly altering the mechanical properties. 13, 69, 71 A delay in light activation of dual curing resin cement for cementing ceramic inlays reduced the post-gel shrinkage and decreased the shrinkage stresses at the pulpal floor, which may reduce post-operative sensitivity.
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Modifications in the restorative composite formulation
The issue of polymerization stress generated at the bonded interface has not only prompted the development of new restorative techniques, but also was the driver behind many the modifications proposed by the manufacturers to the organic matrix of resin composites. 72 Most conventional materials contain dimethacrylate monomers in their composition, with average molecular weight varying from around 500 g/mol (BisGMA: 512 g/mol; UDMA: 470 g/mol; BisEMA: 540 g/mol) to around 290 g/mol (TEGDMA: 286 g/mol, commonly used as a low viscosity diluent). Over the past 15 years, much effort has been dedicated to developing low-shrinking formulations, either by virtue of using a ring-opening polymerization mechanism (as is the case with the product containg epoxide-based silorane monomers) or by using monomers with higher molecular weight (as is the case for composites using dimer-acid dimethacrylates, or DX-511, a monomer developed by DuPont, both with Mw greater than 800 g/mol), or even pre-polymerized additives. 73 The structures for all of these monomers are shown in Figure 5 . In the case of the ringopening monomers, the rationale for decreased shrinkage is their inherent lower molar shrinkage coefficient in comparison with methacrylates. 74, 75 This means that for equivalent initial volume and final degree of conversion, the monomer with the lower molar shrinkage coefficient will present less macroscopic shrinkage. 74, 75 Similarly, the higher the molecular weight of a single monomer unit, the less the shrinkage observed because for a given volume, there is less free volume among the higher molecular weight monomers to begin with, so the final volumetric shrinkage is less. 76 Pre-polymerized additives, such as nanogels, can also be used to decrease shrinkage of restorative composites, as they reduce the initial concentration of available functional groups to react. 73 In turn, again if the initial volume and the final conversion are similar for a given monomer, greater volumetric shrinkage is expected to translate into higher polymerization stress, and indeed a direct correlation has been established in experimental composites. 76 I n com me r c i a l m ate r i a l s, howeve r, t he comparisons are not as simple. There are many confounding factors that arise from other differences in formulation such as the initiator concentration, the filler loading, presence of other additives, amongst others, that make straight comparisons with methacrylates difficult, if not impossible. Moreover, stress generation depends not only on the shrinkage, but also on the degree of conversion and elastic modulus of the material, which in turn are also affected by variations in composition. 76 In fact, one in vitro study evaluating different brands of low shrinkage composites has demonstrated that the lowest shrinking material did not necessarily present the lowest polymerization stress. 32 For example, the silorane material presented significantly reduced shrinkage in relation to a methacrylate-based material from the same manufacturer, but statistically similar stress values, which was attributed to the much higher elastic modulus reached by the low-shrinkage material. Similarly, low shrink materials which presented lower stress also had much lower modulus. 32 This evidences the complexity of this subject, and helps partially explain why to date no clinical evidence exists that low-shrinking materials perform significantly better than conventional ones in terms of improving restoration longevity. 77, 78, 79 In the clinical situation, the presence of biofilm and the vast variation in patient's hygiene and dietary habits complicates matters even further. Indeed, even though the correlation between polymerization stress and gap formation has been well established, 80 no clinical studies exist demonstrating such correlation in vivo.
There is evidence, however, for bacterial presence at the bottom of interfacial gaps in restorations placed in vitro and subjected to mechanical loading. 81 As previously mentioned, the mere presence of the bacteria in the gap does not guarantee secondary caries will form, as that depends on many other host-derived factors, but this certainly increases the chances for restoration failure. 81 The development of materials that can reduce stress directly, not merely based on shrinkage reduction mechanisms, has gained increased attention over the past few years. Thiol-ene-methacrylate systems have proven to be able to reduce stress without prejudice to the elastic modulus in vitro. 82 The mechanism for stress reduction relies on the fact that thiol-ene polymerizations progress via step-growth, a process in which gelation and vitrification are not reached until much later in conversion, so any strain can be accommodated before it generates stresses at the interface. 83, 84 There are some disadvantages of using thiol-enes, such as a potential for decreased modulus in methacrylate polymerizations, and malodor of small molecule thiols. This can be circumvented by either decreasing the concentration of thiols in methacrylate polymerizations 85 or by tethering thiol functionalities into pre-polymerized particles. 86 In both those instances, chain-transfer reactions of the thiol to the methacrylate are able to delay gelation and vitrification and ultimately reduce stress, while increasing conversion and keeping the elastic modulus unchanged. 86 Neither of those approaches has been advanced to a commercial material. Very recently, commercial materials based on stress-relieving moieties have been introduced in the market, both commercialized as bulk-fill materials.
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For at least one of them, the underlying technology relies on free-radical addition fragmentation groups, which are the active moieties in covalent adaptable networks. In summary, this mechanism promotes rearrangemente of the network connectivity without reducing the overall crosslinking density or the final mechanical properties of the composite, even in glassy networks. 87 These materials are relatively new to the market, and therefore, in vitro studies and long-term clinical trials are scarce. Preliminary evaluations seem to demonstrate that they behave at least similarly to conventional restorative materials. 67 
Summary statement
In this review article we discussed what we need to know about polymerization shrinkage stress, which has concerned clinicians and researchers since resin-based materials were introduced in dental practice. We revealed how shrinkage stress and its clinical effects are determined by many factors to illustrate why this has been a much more complex topic than what may have appeared initially. Despite the obvious complexities, our review also shows how much progress has been made in the collective development of research techniques to better understand, predict, and develop shrinkage stress mitigation options and strategies that will continue to benefit clinicians and their patients.
